(1.7 ± 1.3 MPa) than the other directions (p < 0.01). Second largest pressure was carried in the anterior part (0.6 ± 0.5 MPa), followed by proximal and posterior parts (0.4 ± 0.3, 0.2 ± 0.2 MPa respectively). Conclusion The stress distribution at the femoral tunnel aperture is not equal in different directions, while the distal part dominantly bears the stress from the ACL graft. Surgeons should pay close attention to the distal edge of the femoral tunnel which should be inside the anatomic ACL footprint eventually.
Introduction
Anatomic placement of the anterior cruciate ligament (ACL) graft is critical for the successful ACL reconstruction [23, 29, 43] . Surgeons make every effort to make the tunnel inside the anatomic placement as much as possible. However, the tunnel position and shape do not necessarily remain the same after the ACL reconstruction, since the tunnel expansion and even the tunnel transposition occur in vivo after the ACL reconstruction especially for the femoral side [2, 7, 9, 19, 25, 28, 35, 36, 38, 41] . Therefore, the final femoral tunnel location might not stay in the anatomic ACL footprint.
It is necessary to understand how the tunnel enlargement and/or transposition happen in vivo after the ACL reconstruction, and both biological and mechanical factors are recognized to affect the tunnel deformation [35, 41, 42] . The mechanical environment around the femoral tunnel greatly depends on the surgical technique and, thus, should
Abstract
Purpose Final tunnel location in the anterior cruciate ligament (ACL) reconstruction is unpredictable due to tunnel widening and/or transposition. The mechanical stress around the tunnel aperture seems to be a major factor but is not fully investigated. The purpose of this study was to measure the stress from the ACL graft around the tunnel aperture when the ACL graft tension reaches its peak. Methods Six cadaveric knees were used. Single-bundle ACL reconstruction was performed using a hamstrings graft. Both femoral and tibial tunnels were created at the centre of the original ACL footprint. A 7-mm-internaldiameter aluminium cylinder with pressure sensors was placed in the femoral tunnel. Hamstrings graft with a microtension sensor was inserted. After fixation, passive extension-flexion was performed while monitoring the tunnel aperture pressure and the graft tension simultaneously. The pressure on the femoral tunnel aperture when the ACL graft tension reach its peak was compared between four directions. Results The ACL graft tension peaked (67 ± 49 N) at full extension (−5.8 ± 4.1°). Pressure at the femoral tunnel aperture was different between different directions (p < 0.01). Distal part had significantly larger pressure 1 3 be closely investigated to improve the ACL reconstruction. Previous studies using the conventional transtibial ACL reconstruction [19, 33] demonstrated that the stress from the ACL graft on the femoral tunnel aperture was varied with the direction of tunnel aperture rim [19, 33] . However, the femoral tunnels in those previous studies were placed high in the intercondylar notch, and the stress distribution around the tunnel aperture was analysed on the plane of the intercondylar roof. Anatomic placement of the femoral tunnel sits low on the lateral wall of the intercondylar notch [43] , and the tunnel placement should be examined on the sagittal plane parallel to the lateral wall [12] . Therefore, the stress distribution around the tunnel aperture should be re-evaluated on the plane of the lateral wall using the anatomic ACL reconstruction.
The purpose of this study was to measure the stress from the anatomically placed ACL graft around the tunnel aperture when the ACL graft tension reaches its peak. The hypothesis of this study was that the stress distribution around the tunnel aperture would not be the same between different directions and that anterior and distal part of the tunnel aperture would have a major loading. This study provides new information about the mechanical stress around the aperture rim of the anatomic femoral tunnel which should be considered when the tunnel location is determined in the ACL reconstruction.
Materials and methods
Six fresh-frozen human cadaveric knees with skin and soft tissues preserved (age range, 68-94 years, 2 male and 5 female) were obtained from a tissue bank. Each specimen was thawed overnight before the experiment at room temperature. The femur and the tibia were cut approximately 20 cm from the knee joint line. Each specimen was examined with manual tests and arthroscopy to ensure that there was no severe osteoarthritis, ligament insufficiency, or torn menisci. The muscle surrounding the femoral shaft was stripped to secure the femur into a plastic cylinder with cement, and the cylinder was rigidly fixed in a nonmetal original framework. Two electromagnetic sensors were attached to the femur and the tibia using K-wires for the six degree-of-freedom knee kinematics measurement as previously published [15, 16, 30] .
Arthroscopic anatomic single-bundle ACL reconstruction was performed using semitendinosus tendons using the far anteromedial portal technique [5, 11] . After identifying the location of the original ACL footprint, the native ACL was carefully removed using a shaver, followed by marking the centre of the native ACL footprint by a radiofrequency device. The tunnel location for the anatomic single-bundle ACL reconstruction was determined according to the previous report [1] . The anatomic placement of the marking was confirmed in relation to the bony landmarks, such as the intercondylar ridge and the bifurcate ridge. The guide pin was inserted at the marked centre of the ACL footprint through the far anteromedial portal, and the tunnel was over-drilled up to 13 mm diameter. 7-mm-diameter tibial tunnel was then created at the centre of the ACL footprint. A 13-mmoutside-diameter and 7-mm-inside-diameter aluminium cylinder with four small pressure sensor in four directions ( Fig. 1) was inserted into the femoral tunnel so that the cylinder outlet was set at the level of the lateral wall of the intercondylar notch, imitating an anatomic 7-mmdiameter femoral tunnel.
The cylinder was carefully rotated so that each of the pressure sensors was located on each of four anatomic directions, i.e. distal, proximal, anterior and posterior, around the tunnel aperture (Figs. 2, 3 ). The pressure sensor which was made of the small strain gauge (KFG-1 N-120-C1-23, KYOWA Electronic Instrument Co. Ltd, Japan) can measure the compressive force onto the 16 mm 2 of the sensor area from 0 to 100 N with a sampling rate of 100 Hz, and its measurement error was within 3 N. Pressure (MPa) was calculated based on the force (N) applied on the sensor area of 16 mm 2 . The ACL graft was made using a semitendinosus tendon, while a microforce sensor was embedded in the middle to monitor the graft tension as follows. The harvested semitendinosus tendon was cut in half and doubled over to make two short grafts. One for the femoral side was diameter. An originally developed microforce sensor was securely sutured in between the two hamstrings grafts by the baseball suture technique, resulting in 60 mm of the graft length. This microforce sensor was composed of an aluminium plate and two types of strain gauges (KFG-1 N-120-C 1-23 and KFG-1-120-C 2-23, KYOWA Electronic Instrument Co. Ltd, Japan) which can monitor the intra-graft tension with a sampling rate of 100 Hz. The accuracy of the microforce sensor was approximately 3 N until an applied force of 100 N [24] . The original ACL graft with a microforce sensor was inserted into tunnels and fixed using a suspensory button in the femoral cylinder so that the hamstrings portion of the graft was inserted by 15 mm. Subsequently, the position of the microforce sensor inside the joint was arthroscopically confirmed in the intraarticular space through full range of motion. Final fixation of the graft was, then, performed on the tibial side with a post screw, while 20 N of the tension was applied at 20° of knee flexion.
Just after the graft fixation, passive extension-flexion between full extension and 90° of knee flexion was manually performed while recording the tunnel aperture pressure and the ACL graft tension simultaneously. Great care was taken not to apply any varus-valgus and axial rotational stress to the knee. The pressures of four different directions on the femoral tunnel aperture when the ACL graft tension reached its peak were extracted for further analysis.
This work was performed at Kobe University where research involving de-identified cadaveric specimens was exempted from IRB review at the time of the experiment.
Statistical analysis
The difference of the pressures between four different directions was tested by Kruskal-Wallis test, and a post hoc analysis was performed using Fisher's least significant difference test. All statistical analyses were performed with SPSS software (version 22, SPSS Inc., Chicago, IL). Statistical significance was set at p < 0.05.
If the pressure sensor whose accuracy is about 3 N is utilized to detect 10 N of the pressure difference between four different directions on the tunnel aperture with α = 0.05 and power = 0.8, the minimum required sample size would be 4 in each direction. Thus, six subjects in this particular study were assumed to be sufficient for the statistical analyses.
Results
The ACL graft tension reaches its peak (67 ± 49 N) at the full extension (−5.8 ± 4.1°) in all cases. Pressure at the femoral tunnel aperture was different between different directions (p < 0.01). Distal direction had significantly larger pressure (1.7 ± 1.3 MPa) compared to the other directions (p < 0.01). Although there was no statistically significant difference between each of the other three directions, second largest pressure was carried in the anterior Fig. 3 The definition of the four directions on the sagittal plane parallel to the lateral wall based on the anatomic nomenclature. The original ACL footprint and the single-bundle tunnel placement in this model is marked by a circle and a star-shaped marker, respectively direction (0.6 ± 0.5 MPa), followed by proximal and posterior directions (0.4 ± 0.3, 0.2 ± 0.2 Mpa, respectively) (Fig. 4) .
Discussion
The most important finding of this study was that the stress from the ACL graft was not equally distributed around the femoral tunnel aperture rim, and the distal part of the tunnel aperture had the largest stress when the graft tension reached its peak at full extension. This study is the first report which investigate a stress distribution pattern around the femoral tunnel on the plane of the lateral wall of the intercondylar notch using anatomic ACL reconstruction. The pressure distribution might be a reason for the postoperative tunnel widening and/or migration after the anatomic ACL reconstruction.
Contact pressure around the femoral tunnel aperture was evaluated previously using conventional transtibial single-bundle ACL reconstruction [19, 33] . There were two reasons to re-evaluate the stress distribution around the tunnel aperture. At first, tunnel placement in previous studies, using conventional transtibial technique [13] , seems to be quite different from the current study using anatomic procedure [1] . Every effort was made to create the tunnel in the anatomic placement in this study using the checklist [8, 40] , though the tunnel placement was not confirmed based on the quadrant method due to unavailability of radiographs or CT imaging. The graft tension pattern is highly varied depending on the femoral tunnel placement [4, 34, 44] , and the stress distribution pattern around the tunnel aperture would be different if the tunnel was created in any other location, even within the area of anatomic ACL footprint.
The second reason for the re-evaluation of the stress distribution in the tunnel aperture was different plane dimension for tunnel placement analysis. The stress distribution was analysed on the plane of the top of the intercondylar roof in the previous studies [19, 33] , which is a kind of coronal plane tilted on the Blumensaat's line, and the stress distribution were analysed in only distoproximal and mediolateral directions in the anatomic nomenclature [19, 33] . On the other hand, the analysed plane in this study was a kind of sagittal plane parallel to the lateral wall of the intercondylar notch, which has often been used to analyse the anatomically placed femoral tunnel [2, 12, 38, 41] . The mechanical stress to the anteroposterior direction cannot be recognized on the coronal plane. Recent trend of the anatomic ACL reconstruction necessitates biomechanical analysis of the femoral tunnel on the lateral wall.
The stress distribution around the femoral tunnel aperture was dominant on the distal part, which could be interpreted as the mechanical factor for the tunnel widening and transposition reported in the previous studies. Araki et al. [2] demonstrated in the clinical report that two femoral tunnels in the anatomic double bundle ACL reconstruction were shifted towards distal and anterior direction postoperatively [2] . Additionally, Tachibana et al. [38] reported that the tunnel enlargement occurred in the distal and anterior directions [38] . Based on both those clinical studies and the current in vitro study result, the most stressful part of the tunnel aperture does not seem to be either distal or anterior but in between both directions. The intercondylar ridge is located in the anterior-distal direction from the ACL footprint and has a dense cortical bone which is supposedly evolved as a biological reaction to the high mechanical stress [17] . Stress measurement around the femoral tunnel should have been performed including the direction perpendicular to the intercondylar ridge, i.e. anterior-distal direction, which could not be evaluated in the current study due to technical limitation. Technical advancement of downsizing the pressure sensor is warranted to increase the number of sensors and to widen the evaluation area around the tunnel.
There are a variety of factors to induce the tunnel enlargement which are either biomechanical or biological. As for the biomechanical factors, the graft motion inside the tunnel was often observed [3, 14, 32, 39] , and the aperture fixation was suggested to minimize the graft motion. Since a suspensory fixation was utilized, the micromotion of the graft at the tunnel aperture is highly expected. Although the graft micromotion was not evaluated in this particular study, the compression force on the edge of the tunnel can theoretically enhance the friction between the graft and the bone to deteriorate the tunnel enlargement derived from the micromotion. Therefore, the distal and anterior part of the tunnel aperture could have a higher friction compared to Fig. 4 The pressure detected by the sensors placed in four different directions when the ACL graft tension reached its peak. *Statistically significant difference, p < 0.01 the other parts. Several biological factors were suggested to induce the tunnel enlargement [9, 31, 35] . Biological environment seems to be different around the tunnel, since the graft shift in the tunnel aperture occurs in the direction of the traction [10] . Interestingly, joint fluid which contains a variety of cytokines is supposed to be filled in the vacant area opposite to the direction of the traction inducing the "synovial bathing effect" [18] . Nevertheless, the common direction of the tunnel widening and migration is distal and anterior [2, 32, 38] , which corresponds to the direction of the ACL graft traction. It could suggest that both biomechanical and biological factors should synergistically interact for the tunnel enlargement, and biological environment is closely related to knee joint biomechanics. Further studies are wanted to examine the effect of the different compression force around the tunnel aperture on the local biologic environment.
There are several limitations in this study. The first one is that only hamstring was used as a graft material, mainly because its popularity [6, 29] . Solid bone plug of bonepatellar tendon-bone graft or quadriceps graft would have different biomechanical behaviour in the tunnel aperture, resulting in few tunnel widening [7, 28] . In fact, most studies reporting the tunnel enlargement used hamstrings tendon graft [7, 20, 25, 28, 35, 36] . Therefore, the hamstrings tendon seems to have the first priority to be tested for the tunnel enlargement related study. Secondly, stress distribution around the tunnel was evaluated only at full extension, since the graft tension reached its peak at full extension during the manually performed flexion-extension movement. The graft tension and the tunnel pressure decreased dropped down below the measurement accuracy when the knee flexed, and the measurement results in the other flexion angle were not reliable enough to report. On the other hand, the necessity of the ACL tension and the tunnel pressure assessments in the flexion range cannot be denied. Because the ACL tear happens in early flexion angle during high level sporting activities [27] . Muscle force, weight bearing and ground reaction forces are highly expected to have significant effects on the in vivo ACL graft tension and pressure. Simulated knee extension [15] might be an option for the future in vitro studies. More physiological loading condition rather than a manually conducted flexion-extension movement should be applied to estimate actual in vivo graft tension and tunnel aperture pressure, but this study result could still provide basic information of a typical stress distribution pattern around the femoral tunnel along with flexion-extension movement. Another limitation was that the age of the specimens. Bone density of such old specimens might be insufficient to reflect the general ACL reconstruction patients. The impact of such bone weakness cannot be ignored if the tunnel expansion and/or transposition in vivo were explored, but it could be negligible in this time-zero study as long as the pressure measurement cylinder was not loose in the bones. Lastly, clinical impact of the tunnel enlargement is still unknown. It was suggested that additional cost and risk in the revision ACL reconstruction, if needed, can be expected in the tunnel expansion cases [22] . But most studies reporting the tunnel enlargement could not find any significant impact on the clinical score and knee laxities [7, 20, 25, 36] , with the exception of the report from Javela et al. [21] which demonstrated increased KT-1000 measurement result in the tunnel expansion cases [21] . Since KT-1000 measurement is not related to the subjective knee function [26, 37] , the clinical impact of the tunnel enlargement is still undetermined.
Clinical relevance of this study would be that, when the femoral tunnel placement is determined during the ACL reconstruction, surgeons should pay more attention to the distal edge of the femoral tunnel than the centre in order to sit the final tunnel location inside the anatomic ACL footprint.
Conclusions
The stress distribution at the femoral tunnel aperture in the anatomic ACL reconstruction using a hamstrings graft was not equal in different directions, while the distal part of the tunnel aperture was subjected to a majority of the mechanical stress from the ACL graft.
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